ABSTRACT
Introduction
Sphingomyelin (SM) is an integral component of signalling pathways in many types of cells, since its metabolites, ceramide (Cer) and sphingosine, are bioactive molecules (5) . These have been shown to play significant regulatory function in fundamental biological processes such as cell proliferation, differentiation, receptor functions and oncogenesis (7, 21) . the SM turnover involves removal of phosphorylcholine from the SM molecule by sphingomyelinases (SMases) with optimal activity at either neutral or acid pH (22) , leading to generation of Cer. Cer has been shown to modulate protein phosphorylation, down-regulation of the c-myc protooncogene and apoptosis (7, 22) . Previous studies have shown that exposure of cells to tumor necrosis factor-α (TNF-α), γ-interferon, IL-1, and 1,25-dihydroxyvitamin D 3 results in activation of cellular SMases, leading to the release of cer within minutes to hours (7) . TNF-α is a monocyte/macrophage-derived cytokine which is known to activate diverse intracellular signalling cascades including protein phosphorylation, activation of transcription factors, and generation of lipid messengers. The specific binding of TNF-α to the cell surface appears to be the first step in mediating the multiple action of this agent. two cell surface receptors, p55TNFR and p75TNFR, which are expressed on the surface of most cell lines, although in different amount, were recently identified (8) .
Two classes of lipid mediators have been shown to be involved in TNF-α signalling, and these include glycerophospholipid and sphingolipid metabolites (8) . In HL-60 cells a correlation was observed between the generation of arachidonic acid and stimulation of SM turnover as a result of TNF-α exposure (10) . Other authors have demonstrated that diacylglycerols (DAGs) can activate SMase in GH 3 pituitary cells (11) . thus, glycerophospholipid and sphingolipid signalling pathways may affect each other by modulation of SM hydrolysis.
Although many previous studies have examined the effects of TNF-α on SM turnover, it is still unclear how this cytokine effects SM hydrolysis in different cell types. in the present study we show that TNF-α induces SM turnover in human skin fibroblasts (HSF) by two different pathways. One involves activation of phospholipase A 2 followed by stimulation of neutral sphingomyelinase (nSMase), while the other one is related to activation of acid sphingomyelinase (ASMase). Moreover, cellular ceramidases were activated by TNF-α treatment which led to accumulation of sphingosine in these cells. Cell culture HSF (GM8333) were obtained from the NIGMS Human Genetic Mutant Cell Repository, Camden, NY. Cells were cultured in Dulbecco's modified Eagle's medium supplemented with: 12% heat-inactivated FCS, 100 units/ml of penicillin, 100 μg/ml streptomycin and 1mM non-essential amino acids in a humidified incubator supplied with 5% CO 2 at 37°c. the viability of the cells was determined by trypan blue exclusion test.
Materials and Methods

Materials
Metabolic labeling of cellular phospholipids HSF were labeled with [methyl- To test the involvement of phospholipase A 2 in the induction of cellular SM degradation, the cells were incubated with 176 μM melittin for 1 h. Phospholipase C was inhibited by treating cells for 2 h with 500 μМ neomycin (2) . Tyrosine kinases were inhibited by treating cells for 1 h with 25 μM genistein (the inhibition of tyrosine kinases is known to inhibit ceramidase) (7, 17) . Cellular phosphatase activities were inhibited by treating cells for 1 h with 1 mM sodium vanadate (7) . To raise the pH of endosomes and lysosomes cells were exposed for 1 h to either 50 mM NH 4 C1 or 14 μM monensin. To investigate the effect of fatty acid or DAG on sphingomyelin degradation, the cells were exposed to fatty acid (complexed to albumin) or to l,2-dioctanoyl-sn-glycerol (diC8) in 1% dimethyl sulfoxide at the indicated concentrations. In all experiments the control groups were treated with respective vehicles.
Analytical methods
The lipids were extracted from cell dishes with hexane/2-propanol (3:2 v/v) and the phospholipids were separated on silica gel hPtlc plates (Whatman) using chloroform/methanol/ acetic acid/water (50:30:8:4 by vol.) (20) . Phospholipid spots were visualised by staining with iodine, identified from standards run in parallel and were scraped into scintillation vials with 3 ml of scintillation cocktail and the radioactivity was counted using LKB RackBeta liquid scintillation counter. The radioactivity of cellular Cer, sphingosine and DAG were determined from the lipid extract of [ for Cer, or chloroform : methanol : 25% ammonium hydroxide (13:7:1 v/v) for sphingosine as developing solvent systems. The spots co-migrating with unlabeled standards were scraped and the radioactivity was determined as described above.
For determination of the phospholipid mass, the phospholipid spots were visualized by staining with a solution of 3% cupric acetate in 8% aqueous phosphoric acid and heating the plates for 15 min at 150 o C to develop the color. The density of the lipid spots was determined with a scanning densitometer. the amount of phospholipids present in each spot was calculated using standards run in parallel.
Cell protein was determined by the method of Lowry et al. (14) using bovine serum albumin as a standard.
Statistical analyses
Results are expressed as mean ± S.D. Statistical analyses were performed by two-tailed Student's t test for unpaired data to evaluate the difference of means between groups. Values of P<0.05 were considered significant.
Results and Discussion
Effect of TNF-α on SM turnover in HSF cells
Treatment of HSF cells with TNF-α for up to 6 h induced a significant turnover in the amount of some phospholipids in response to this cytokine (Fig. 1A) . A decrease of about 25% in SM labeling was observed as compared to the control values 5 h after exposure of cells to 2 nM TNF-α. When the amount of cytokine was increased two-fold (from 2 to 4 nM), the degradation of SM was augmented up to 45% compared to the control values, reaching maximal levels much more rapidly (after 2h). Six hours after initiation of cytokine exposure, the level of cellular SM returned to control values due to transfer of the choline head group from PC to Cer (6) . The incubation of cells in the absence of TNF-α did not cause any significant changes in the level of cellular SM as compared to its value before treatment.
The observed changes in PC and lysophosphatidylcholine (lyso-PC) labeling showed that the level of these two phospholipids was very different depending on the concentration of TNF-α. There was a moderate decrease in the PC level after exposure of cells to 2nM TNF-α, whereas the changes in the PC levels after 4nM TNF-α treatment were more significant (Fig. 1B) . Incubation of the cells with 2nM TNF-α induced a two-fold increase in the cellular content of lyso-Pc (Fig.  1C) , as well as minor changes after a 4 nM TNF-α treatment. Taking into account these results, it appears that the activation of SM turnover follows two different pathways, depending on the cytokine concentration. In addition, no significant changes were observed in Cer levels in cells treated for 0-6 h with either 2 or 4 nM TNF-α (data not shown). This fact could be due to an activated ceramidase hydrolyzing the liberated Cer into fatty acids and sphingosine. To test this possibility, we pre-treated the cells for l h with 25 μmol genistein before the addition of TNF-α. Treatment of cells with genistein did not abolish the effect of TNF-α on SM turnover, but the formation of Cer in cells increased about 2 fold after exposure to 2 nM TNF-α and about 3.7 fold after 4 nM TNF-α treatment (Fig. 2,  upper panel) . To determine changes in sphingosine levels, we pre-treated cells for 1 h with 1 mM sodium vanadate before addition of TNF-α. The level of sphingosine increased after TNF-α treatment compared to the control level (Fig. 2, lower  panel) . Two types of SMases are involved in TNF-α induced stimulation of SM turnover in HSF To determine which kind of SMase is involved in TNF-α activation of the SM turnover in HSF, we pre-incubated the cells for l h with 50 mM NH 4 C1 or 14 μM monensin, both of them being known to increase pH in endolysosomal compartments, thus inhibiting the activity of ASMase (24) . Pretreatment of cells with 50 mM NH 4 C1 did not cause inhibition of SM hydrolysis after the addition of 2 nM TNF-α (Fig. 3) . The cellular SM mass decreased from 20.6±1.20 nmol/mg protein in the control cells to 16.2±0.97 nmol/mg protein after 5 hours of exposure to the cytokine. After a 2 hour incubation of the cells with 4 nM TNF-α in the presence of NH 4 ci any SM degradation was undetectable. SM mass was 19.8±1.3 and 21.5±1.2 nmol/mg protein in untreated and cytokine-treated cells, respectively. Similar results were obtained after an l h pretreatment of cells with 14 μM monensin before the addition of TNF-α (Fig. 3) . thus, is appears that different concentrations of the cytokine induced activation of two different SMases in this cell line -a NSMase being activated with 2 nM TNF-α, and an ASMase -activated with 4 nM TNF-α. 
. effect of nh 4 Cl and monensin on TNF-α induced sphingomyelin degradation
The cells were pre-treated for 1 h with 50 mM NH 4 Cl or 14µM monensin before the addition of the indicated concentrations of TNF-α The cellular lipids were extracted at 5 h or 2 h after the addition of 2 nM or 4nM TNF-α respectively. The data are expressed as the mean ± S.D (n=3). The ** denotes changes which are statistically significant from the control with P<0.001, * denotes P<0.005
Phospholipase A 2 (PLA 2 ) is involved in the turnover of SM induced by 2nM TNF-α Taking into account the increase in the amount of lyso-PC after incubation of cells with 2 nM TNF-α, we presumed that PlA 2 is involved in this pathway. To assess the involvement of Pl A 2 in the activation of SM turnover, cells were treated with melittin, which is a known activator of PL A 2 and is not able to modulate the SMase activity per se (9) . Incubation of cells with 176 μМ melittin induced a time-dependent stimulation of SM hydrolysis (Fig. 4) . to determine which product of PlA 2 hydrolysis induced stimulation of SM turnover, we examined the effect of exogenous arachidonic acid (AA) on SM hydrolysis. The incubation of HSF with 10 μM AA induced 20% decrease of cell SM within 15 min, with further hydrolysis after longer exposure times (Fig. 5A) . We observed a dose-dependence in SM hydrolysis up to 20 μM AA (Fig. 5B) . higher concentrations of this fatty acid did not enhance further SM degradation. Instead, the level of SM returned to its control value (Fig. 5B) . The observed inhibition of SM hydrolysis at higher AA concentrations might be due to conversion of AA into certain metabolites which were not capable of activating SM hydrolysis, such as leukotrienes and prostaglandins (23) . It is also possible that SMase was not able to work in the presence of very high fatty acid concentrations. To prove that the activation of SM hydrolysis by unsaturated fatty acids did not operate in acidic cellular compartment, the cells were pre-treated with 50 mM nh 4 C1 for l h and then incubated with 10 μM AA. Phospholipase C is involved in the induction of SM turnover by 4nM TNF-a Our results show a high level of PC hydrolysis (Fig. 1B) as well as increased DAG production in cells after treatment with 4 nM TNF-α (Fig. 6A) . in addition, a decrease of cellular SM was also estimated (Fig. 1A) . To investigate the involvement of PL C in the activation of SM turnover, HSF were preincubated for 2 h with 500 μM neomycin. In the presence of neomycin, we were not able to detect any SM hydrolysis after a 4 nM TNF-α treatment (Fig. 6B) . A 60% increase in the SM labeling was observed as compared to the control values when neomycin was present.
Pre-treatment of cells with 50 mM NH 4 c1 did not changed DAG production in cells treated with 4 nM TNF-α, but as we have already shown NH 4 ci completely eliminated the hydrolysis of SM induced by 4 nM TNF-a (Fig. 3) . it is likely that DAG is not able to activate ASMase activity in an environment with high pH (3). To confirm this suggestion we examined the effects of a short-chain DAG (diC 8 ) on SM turnover after pre-treatment of cells for l h with 50 mM NH 4 c1 (Fig. 7) .The incubation with 580μM diC 8 induced about 60% decrease of SM as compared to the control value.
Pre-treatment of cells with 50mM NH 4 c1 for l h lead to an increase in SM labelling by up to 50% as compared to the control value (which was stable during the exposure time). Comparative results were obtained after pre-treatment of cells with 14 μM monensin (Fig. 7) . Thus, the activation of ASMase by DAG appears to occur only at acid pH in the endolysosomal compartment. The cellular response to TNF-α appears to be dependent on the target cell type. This cytokine causes activation of phospholipid turnover, resulting in generation of certain lipid mediators (8) . There is a lot of evidence concerning the mechanism of activation of SM turnover by TNF-α, but the exact mechanism still remains unclear. It also appears that the data are controversial to a certain extent concerning the mechanism of how TNF-α induces activation of SM turnover, and the exact type of target SMase (3, 7, 24) .
Our study demonstrated that TNF-α stimulated SM turnover in HSF by two different pathways, and their type depended on the amount of cytokine that was used for cell treatment. These conclusion is based on the following findings: 1) the occurrence of maximal SM hydrolysis after cytokine stimulation was dependent on cytokine concentration; 2) a PL A 2 was activated after exposure of cells to a low concentration of TNF-α (2nM) but not after exposure to 4nM TNF-α; 3) a PC-PLC was stimulated after treatment of HSF with 4nM TNF-α, but not after 2nM TNF-α treatment; 4) pretreatment of cells with nh 4 cl or monensin did not affect SM hydrolysis induced by 2nM TNF-α, whereas these compounds completely blocked SM turnover induced by 4nM TNF-α; and finally 5) the inhibition of PC-PLC completely abolished SM degradation induced by 4nM TNF-α. Thus, we suggest the involvement of two different SMases in TNF-α-induced SM turnover in HSF. Andreu et al. (1) observed TNF-α and IL-1-β induced hydrolysis of SM in acid SMase -deficient skin fibroblasts. Consequently, they concluded that the ASMase was not responsible for the observed SM turnover. However, it was reported by Lui and Anderson (13) that IL-1-β stimulated ceramide generation in human skin fibroblasts due to activation of ASMase. It has been reported that TNF-α could induce activation of both neutral and acid SMases in one and the same cell type -leukaemic T cells (24) and cardiac myocytes (18) . It was demonstrated that neutral and acid SMases are activated independently from each other through distinct cytoplasmic domains of p55TNFR, and that these SMases were coupled to distinct signalling pathways (24) .
The activation of two different pathways in TNF-α -stimulated SM turnover might be related with the putative existence of two distinct pools of SM (12) and/or to the different functional activities of Cer generated by either neutral or acid SMase.
Our results also showed that TNF-α apparently induced activation of a ceramidase activity in the HSF since cytokineinduced degradation of SM did not result in higher cellular levels of Cer. Instead, the produced Cer was degraded further to yield sphingosine. These results clearly imply that TNF-α is able to enhance ceramidase activity in this cell line. Recent results demonstrate the presence and cloning of a very active alkaline ceramidase localised in the endoplasmatic reticulum in skin fibroblast culture (16) .
After inhibition of PC-PLC with neomycin and stimulation of the cells with high concentrations of cytokine, the reduction of SM hydrolysis was accompanied by an increase of labeled phosphorylcholine incorporation in the molecule of cell SM. We suggest that upon these conditions, occurs an stimulation of SM synthesis. Our data show for the first time augmentation of SM synthesis after TNF-α stimulation. There has been a suggestion that Pc-Plc and SM synthetase which uses Pc as a substrate, are similar enzymes, because the result of both enzyme activities is accumulation of DAG and both enzymes are inhibited by D609 (11) . Treatment of the cells with neomycin did not stop SM synthesis, implying that not each of the PC-PLC inhibitors acted as inhibitors of SMS (sphingomyelin synthetase).
Conclusions
In summary, the present study shows that TNF-α can induce activation of SM turnover by two different pathways in HSF involving certain enzymes that participate in the metabolism of phospholipids (Fig. 8) . It is likely that similar processes occur in other cell types as well, but they have not been observed because most experiments using TNF-α have been performed with only one concentration at different time intervals, or with different concentrations but at one time point only. We have also observed an increase of SM synthesis after inhibition of PLC in the presence of TNF-α (Fig. 6) . the enzymes participating in SM synthesis are regulators of the intracellular levels of Cer and DAG. Both molecules are bioeffectors and signalling agents that also regulate a lot of cell processes such a apoptosis and differentiation. in conclusion, we suggest that TNF-α activates different cellular processes depending on the kind of activated enzymes and thus, it is able to induce either apoptosis or differentiation.
